Background: Serious adverse drug reactions of disease-modifying drugs in multiple sclerosis (MS) therapy may include enhanced susceptibility to reactivation of neurotropic herpes viruses like varicella-zoster virus (VZV) and the John Cunningham (JC) polyomavirus. Objective: Because symptomatic reactivation of these viruses are rare events, we determined the incidence of rises in anti-VZV IgG antibody levels as a potential marker for enhanced susceptibility to subclinical and symptomatic reactivation of neurotropic viruses. Methods: Anti-VZV IgG levels were measured in paired serum samples taken 6-8 months apart from natalizumab-treated MS patients, healthy blood donors and human immunodeficiency virus (HIV) infected patients. Results: The incidence of significant rises in anti-VZV IgG levels in natalizumab-treated MS patients was 4.26 per 100 person-years, which was significantly higher than in healthy blood donors. Retrospective evaluation of the available medical records of patients with rises of anti-VZV IgG levels did not reveal herpes zoster (i.e. shingles) manifestations.
Introduction
Multiple sclerosis (MS) is a chronic immunemediated disease of the central nervous system (CNS), characterized by inflammatory processes, demyelination and axonal degradation. 1 MS therapy aims at immunomodulation and/or immunosuppression, including use of established drugs like corticosteroids for relapse treatment; and disease-modifying drugs (DMDs) such as interferon-beta, glatiramer acetate, natalizumab, alemtuzumab, fingolimod, teriflunomide and dimethyl fumarate. 2 Especially for newer DMDs, regulatory authorities demand observational studies and registries, to detect their possible adverse treatment effects and frequencies.
Natalizumab is a humanized monoclonal IgG4 antibody, targeting α4β1-integrin (VLA-4) mediated transmigration of activated immune cells from peripheral blood into the CNS, by specifically blocking the α4-subunit of VLA-4 on these cells. 3 In addition, a prolonged increase in peripheral lymphocytes, mainly B cells, has been observed. 4 Although natalizumab proved to be clinically highly efficacious, its application in MS treatment was hampered by the occurrence of natalizumab-associated cases of progressive multifocal leukoencephalopathy (PML), 5 a rare but potentially fatal opportunistic CNS infection caused by the John Cunningham virus (JCV). 6 The overall risk of PML in natalizumab-treated MS patients is 3.41 per 1000 patients, 7 and screening for anti-JCV antibody status has become clinically routine in natalizumab treatment of MS and for PML risk stratification. 8, 9 Increasing evidence points to a higher risk of herpes virus infections in MS patients treated with novel DMDs. Theoretically, blocking migration of virusspecific T cells by DMDs should reduce the control of herpes simplex virus (HSV) and varicella-zoster virus (VZV) reactivation from persistently-infected spinal root ganglia. The first observational evidence in support of this hypothesis was obtained during clinical trials of fingolimod, 10-12 a sphingosine-1-phosphate receptor agonist that inhibits lymphocyte emigration from the thymus and peripheral lymphoid organs. 13 Furthermore, a growing number of case reports are suggestive of an increase in the risk of HSV and VZV infections in MS patients undergoing treatment with fingolimod 14 and natalizumab. [15] [16] [17] [18] [19] [20] [21] A study on functional T-cell analyses in patients treated with fingolimod also shows a slightly reduced antiviral T-cell response with respect to herpes viruses, occasionally accompanied by subclinical reactivation of VZV or Epstein-Barr virus (EBV) in the saliva. 22 Nevertheless, larger studies defining susceptibility to neurotropic herpesvirus infections in differently treated MS patients, in comparison to healthy people, are missing. Such comparative analyses are hampered by the fact that the incidence of clinicallyrelevant herpesvirus infections is low, demanding investigation of large patient cohorts to reach statistical significance. This limitation could possibly be overcome, if not only the symptomatic, but also the subclinical infections were monitored.
VZV is a common herpesvirus, with a seroprevalence rate of nearly 100%. 23 After primary infection, VZV latently persists in spinal root ganglia. The decline of VZV-specific cellular immune responses leads to reactivation of the virus and can result in herpes zoster. In addition, evidence for reinfection events has been obtained (reviewed in Quinlivan and Breuer). 24 The incidence of herpes zoster in the general population is 0.3-0.5 per 100 person-years, independent of gender but sharply increasing with age, up to 0.6-0.8 per 100 person-years in individuals aged 50-80 years. 25 Besides age dependency, incidence increases with certain conditions that impair cell-mediated immunity, for example infection with human immunodeficiency virus (HIV), leading to an incidence of 2.9-5.1 per 100 person-years in HIV-infected patients, prior to the introduction of highly-active antiretroviral therapy; and 0.9-1.7 per 100 person-years in the current antiretroviral therapy era. 26, 27 We performed statistical simulations, assuming a base-line incidence of herpes zoster in healthy people of 0.003 per person-year and a hypothetical 50% increase in herpes zoster incidence in MS patients treated with novel DMDs. These simulations indicated that 64,913 person-years of follow-up would be required per patient group to observe a relative risk (RR) of 1.5 at a global significance level of 0.05, with a power of 0.8. Since asymptomatic VZV reactivations or reinfections, as detected by significant rises of anti-VZV IgG levels, appear to be more frequent than herpes zoster in non-immunosuppressed individuals 28 ; we compared the incidence of significant rises of anti-VZV IgG levels in natalizumab-treated MS patients to control groups, to gather serological evidence of enhanced susceptibility to VZV reactivation or reinfection. This approach could offer the opportunity to measure susceptibility to VZV reactivation or reinfection in smaller patient groups.
Materials and methods

Patients and samples
This non-concurrent cohort study was approved by the responsible local ethics committee (Ruhr-University Bochum, in Bochum, Germany; reg. no. 4862-13). Table 1 shows the study's paired serum samples, collected for other reasons (i.e. monitoring of disease, therapy or blood donation) and stored frozen at −20°C to −80°C, that were available for analysis. Controls. The HD group and the HIV group served as controls: For the HD group, stored serum pairs were selected and age-and gender-matched as accurately as possible to the Nat-MS group. For the HIV group, age-and gender-matching was not possible with the available samples. Clinical data from patients who had had significant rises in anti-VZV IgG levels were obtained by review of their medical records.
Antibody detection
For all paired serum samples, anti-VZV IgG levels were quantitatively determined using the SERION ELISA Classic VZV IgG Kit (Virion\Serion, Würzburg, Germany). A rise in anti-VZV IgG antibody levels of 4-fold or higher was assessed as significant, as is widely accepted, 29, 30 and was counted per patient group. In case of a significant rise, expanded antibody detection was performed using Table 1 . Baseline characteristics of study groups and incidence of significant rises of anti-VZV IgG levels. 
Natalizumab-treated
Statistical analysis
Testing for equality of populations with regard to the incidence of significant rises of anti-VZV IgG antibody reactivity was performed with Fisher's exact test, at a global significance level of 0.05. We did an adjustment of significance level for the multiplicity of tests, using the Holm-Bonferroni correction. For healthy blood donors, age-and gender-matching to natalizumab-treated MS patients was performed (Table 1) ; however, the epidemiology of MS and HIV infection reflected in the composition of the respective national disease networks is highly divergent in Germany also leading to differences in gender distribution. 31 The incidence of significant rises of anti-VZV IgG levels per 100 person-years in the Nat-MS group differed significantly from the one in the HD group (p = 0.0036, at a Bonferroni-Holm-adjusted significance level of 0.0167, corresponding to a global significance level of 0.05). We did not observe a statistically significant difference between the Nat-MS group and the HIV group (p = 0.1303), presumably due to the smaller size of the HIV group.
Results
For the six patients with a significant rise of the anti-VZV IgG levels, additional laboratory tests were performed ( Table 2 ). Determination of anti-VZV IgM antibody levels showed negative results, arguing against primary VZV infections. To exclude a potential polyclonal B-cell activation, which may also lead to rises of antibody levels, we determined anti-cytomegalovirus (CMV) IgG, anti-HSV IgG and overall IgG levels. The overall IgG levels remained stable within the normal range for all six patients, with a slight increase in three cases (maximum: 1.4-fold) and a slight decrease in the other three cases. There was no significant rise of anti-CMV nor anti-HSV IgG levels in patients with anti-CMV IgG positive (Nat-MS no. 76) or anti-HSV IgG positive first serum samples (Nat-MS nos. 55, 58 and 197); however, seroconversion for anti-HSV IgG occurred in two of the initial anti-HSV IgG negative samples (Nat-MS nos. 33 and 76) and the second samples from these patients also became positive for anti-HSV IgM.
For four of the six patients with a significant rise of anti-VZV IgG antibody levels, additional clinical data could be obtained (Table 2) . Interestingly, none of these four patients developed herpes zoster or other clinical manifestations of VZV infection during the time interval from the first to the second serum sampling. We also screened medical records for potential confounding factors during this time interval, including application of immunosuppressive or immunomodulatory drugs other than natalizumab, VZV vaccination and the existence of diseases leading to immunosuppressive conditions other than MS.
Confounding factors were excluded in three of four cases; while in one case, the patient had received steroid pulse therapy during the observation period.
Discussion
As the incidence of clinically-relevant neurotropic herpesvirus infections is low, studies for defining susceptibility to these infections in differently-treated MS patients require large patient cohorts to reach statistical significance. To overcome this limitation, we intended to implement serological detection of herpesvirus infections using a significant rise in IgG levels, in serial serum samples, as a diagnostic criterion; supposing that susceptibility to herpesvirus infections can be measured with higher sensitivity by a serologic follow-up than by a clinical follow-up. We chose to monitor with anti-VZV IgG antibodies, because of their high seroprevalence and because of the notion that VZV reactivation, in contrast to HSV reactivation, 33 is frequently accompanied by significant rises of anti-VZV IgG levels.
Although the use of rises of anti-VZV IgG levels may be limited for the diagnosis of herpes zoster, due to the fact that the first serum sample is taken too late after the onset of a rash, 34 this should not bias the present study, as our serum samples were taken independently of clinical symptoms of herpes zoster. We assessed rises of 4-fold or higher as significant, which is in line with recommendations. 29, 30 Whereas significant rises occur in about 85% of herpes zoster cases, 35, 36 the magnitude and duration of the antibody responses vary individually. Interestingly, higher antibody titers seem to be associated with increased herpes zoster severity; and therefore, also correlate with age. 37 In general, anti-VZV antibody levels increase rapidly after a herpes zoster onset, reaching multifold higher values at week 3 (about 15-fold higher compared to pre-rash values and 5-fold higher, compared to values at 1 week in unvaccinated individuals), decreasing at week 6 and over the following months, and plateau during the next 2 years. 37 The observed VZV seropositivity rate of 97-99% was within the previously-published range. 23 In the natalizumab-treated MS patients, a strikingly high incidence of significant rises of anti-VZV IgG levels was observed: 4.26 cases per 100 person-years. This opens the possibility of comparing the incidence of such rises in MS patients treated with different DMDs, to explore potential differences between drug regimens. In addition, the incidence of significant rises of anti-VZV IgG levels was at least 9.3-fold higher than in age-and gender-matched healthy blood donors, suggesting that in natalizumab-treated MS patients, the immune control of VZV is reduced and the risk of viral reactivation enhanced. If this proposed higher susceptibility of natalizumab-treated MS patients to VZV is confirmed in further studies, this might have therapeutic consequences, e.g. VZV vaccination in the case of seronegativity, as is already recommended for fingolimod treatment, or acyclovir prophylaxis, as already recommended for alemtuzumab treatment.
Potential confounding factors which might lead to increased susceptibility to VZV in natalizumab-treated MS patients were also considered by screening the patients' medical records (immunosuppressive conditions other than MS, immunosuppressive or immunomodulatory treatment besides natalizumab or VZV vaccination during the observation period). While we could exclude these confounding factors in three of the four cases for which clinical data were available, one patient received steroid pulse therapy in addition to natalizumab treatment during the observation period, which may have contributed to the VZV reactivation or reinfection in this patient. Furthermore, two of the six rises in anti-VZV IgG antibody levels were accompanied by a seroconversion of anti-HSV IgM and IgG antibodies. As up to one-third of all primary HSV infections show a heterotypic antibody response to VZV, 30 the rise of anti-VZV IgG levels in these two patients may be attributable to a primary HSV infection, rather than reactivation of or reinfection with VZV.
Because primary HSV infections leading to significant rises of anti-VZV IgG antibody levels were not observed in the HD group, this may also suggest an increased exposure or susceptibility of natalizumabtreated MS patients to HSV; however, a recent primary VZV infection can be excluded, as the six patients with a significant rise of the anti-VZV IgG levels were anti-VZV IgM negative, whereas IgM is detectable in 100% of convalescent sera from patients with varicella, for about 3 months from the onset of the illness. 34 In herpes zoster cases, anti-VZV IgM can be found in 30-40%, usually with lower magnitude and shorter duration, 35, 36 implying that the negative IgM results observed in our study do not rule out VZV reactivation nor reinfection, especially as serum samples were taken independently of clinical symptoms of herpes zoster. Besides, a positive IgM test could not have been used to distinguish reliably between primary and recurrent VZV infection. In addition, polyclonal B-cell activation could theoretically account for the rise of anti-VZV IgG levels, because the number of immune cells and particularly B cells in peripheral blood was shown to increase under natalizumab treatment, as a result of leucocyte transmigration inhibition and/or lymphocyte release from the bone marrow. 4 Nevertheless, for the six patients with a significant rise of the anti-VZV IgG levels, a general polyclonal B-cell activation is unlikely, as there was no significant increase in overall IgG levels.
Although there are a number of case reports suggesting overrepresentation of symptomatic HSV and VZV infections in natalizumab-treated MS patients, [15] [16] [17] [18] [19] [20] [21] valid data on the incidence of symptomatic HSV or VZV reactivation in MS patients with and without natalizumab treatment are not available; therefore, it is presently not possible to link the increased incidence of significant rises of anti-VZV IgG levels with an increased risk of symptomatic VZV reactivation or reinfection. At least for four of the six patients, the rise of anti-VZV IgG levels was not accompanied by herpes zoster nor other clinical symptoms of VZV disease, indicating subclinical reactivation or reinfection in these cases. Evidence of subclinical reactivation of VZV was previously obtained by measuring significant rises of anti-VZV IgG levels after household exposure of seropositive individuals (reviewed in Quinlivan and Breuer) 24 ; by detection of VZV DNA, in patients with malignancies without clinical symptoms of VZV disease 38 ; and by intrathecal synthesis of anti-VZV antibodies in the absence of a history of herpes zoster, in HIV-infected individuals. 39 In a long-term longitudinal study, with a follow-up of 45 healthy subjects for up to 26 years, it was observed that there were rises of anti-VZV antibody levels by more than 2-fold, with an incidence of 1.6 events per 100 person-years. 28 This incidence is about 4-fold lower than the incidence of at least a 2-fold rise in anti-VZV antibody levels that we observed in the Nat-MS group (6.39 per 100 person-years). Interestingly, only 20% of antibody titer increases were accompanied by a clinical manifestation of herpes zoster, 28 indicating a higher sensitivity of serologic follow-up, as compared to clinical follow-up, for determining the rate of VZV reactivation or reinfection events and supporting our approach.
Despite an increased risk of herpes zoster in HIVinfected patients, we did not detect rises of anti-VZV IgG levels in this group. Probably this finding is attributed to the comparably small group size (n = 95): Because we cover a cumulative observation period of only 56 person-years, our finding corresponds to an incidence of < 1.79 per 100 person-years, which is still in line with the literature reporting herpes zoster incidences of 0.9-1.7 per 100 person-years in the current antiretroviral therapy era. 26, 27 Furthermore, we cannot exclude that a pronounced immunodeficiency in this group may blunt rises of anti-VZV IgG levels, in response to VZV reactivation.
One limitation of this study was its retrospective approach, which restricted the selection of study groups to the availability of stored serum samples. Hence, we compared natalizumab-treated MS patients to healthy blood donors and HIV-infected patients, while untreated MS patients and MS patients under other treatment regimens could not be tested, so far: Further studies are required to finally answer the question whether the observed higher frequency of anti-VZV antibody increases in natalizumab-treated MS patients, in comparison to healthy blood donors, is attributed to MS disease or to natalizumab treatment. Additionally, for further comparison, patients with immunosuppressive or immunomodulatory treatment for other autoimmune diseases (e.g. inflammatory bowel disease or rheumatoid arthritis) should be included.
In conclusion, our data from a retrospective natalizumab-treated MS cohort add to the growing notion that natalizumab treatment of MS might be associated with an elevated risk of VZV reactivation or reinfection. Monitoring of anti-VZV IgG levels could be a useful tool to determine and compare susceptibility to VZV reactivation and reinfection, in different patient groups, with higher sensitivity than by monitoring of symptomatic VZV infections. Additional studies confirming the expected correlation between the incidence of significant rises of anti-VZV IgG levels and the risk of symptomatic herpes zoster are warranted.
